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We propose a simple but novel scheme to realize the Kondo effect with ultracold atoms. Our
system consists of a Fermi sea of spinless fermions interacting with an impurity atom of different
species which is confined by an isotropic potential. The interspecies attraction can be tuned with an
s-wave Feshbach resonance so that the impurity atom and a spinless fermion form a bound dimer that
occupies a threefold-degenerate p orbital of the confinement potential. Many-body scatterings of
this dimer and surrounding spinless fermions occur with exchanging their angular momenta and thus
exhibit the SU(3) orbital Kondo effect. The associated Kondo temperature has a universal leading
exponent given by TK ∝ exp[−pi/(3apk
3
F)] that depends only on an effective p-wave scattering volume
ap and a Fermi wave vector kF. We also elucidate a Kondo singlet formation at zero temperature
and an anisotropic interdimer interaction mediated by surrounding spinless fermions. The Kondo
effect thus realized in ultracold atom experiments may be observed as an increasing atom loss by
lowering the temperature or with radio-frequency spectroscopy. Our scheme and its extension to
a dense Kondo lattice will be useful to develop new insights into yet unresolved aspects of Kondo
physics.
PACS numbers: 67.85.Pq, 72.10.Fk, 72.15.Qm, 75.20.Hr
Introduction
The Kondo effect plays fundamental roles in a wide
range of condensed matter physics. The Kondo effect
arises from coherent many-body scatterings between a lo-
calized magnetic impurity and a surrounding Fermi sea of
itinerant electrons with the exchange of their spins [1, 2].
While the Kondo effect was originally discovered in ex-
plaining an anomalous electrical resistivity minimum in
dilute magnetic alloys [3], it has been observed also in ar-
tificial nanosystems such as quantum dots [4–6], carbon
nanotubes [7, 8], and individual molecules [9, 10]. Fur-
thermore, the role of the spin can be replaced by other de-
grees of freedom such as an orbital quantum number [11],
which leads to the orbital Kondo effect [12, 13]. In spite
of the fact that the Kondo effect is well known and widely
studied, there are yet unresolved issues, for example, re-
garding the formation of the Kondo screening cloud and
its dynamics [14].
Ultracold atoms may be useful to develop new insights
into this old but still actively studied phenomenon. This
is because a highly tunable clean system that is suit-
able to study a desired phenomenon can be created at
will by using optical lattices and Feshbach resonances.
This scheme called “quantum simulation” has been suc-
cessfully implemented to study a rich variety of strongly
correlated many-body phenomena [15]. Regarding the
realization of the Kondo effect, essential ingredients are
(i) degenerate degrees of freedom that can be exchanged
between a localized impurity and surrounding fermions
and (ii) a mechanism that suppresses a double occupancy
of the localized state. While both ingredients are natu-
rally incorporated in condensed matter systems by the
spin and Coulomb repulsion of charged electrons, they
are in general difficult to achieve simultaneously with
neutral atoms. Accordingly, previously proposed theo-
retical schemes to realize the Kondo effect with ultracold
atoms [16–21] are somewhat involved and demanding and
thus the experimental realization is still lacking.
In this Letter, we propose a simple but novel scheme to
realize the Kondo effect with ultracold atoms. Our sys-
tem consists of a Fermi sea of spinless fermions of species
A interacting with an impurity atom of different species
B which is loaded into a ground state of an isotropic
potential VB(r):
H =
∫
drΨ†A(r)
[
− h¯
2
∇
2
2mA
− EF
]
ΨA(r)
+
∫
drΨ†B(r)
[
− h¯
2
∇
2
2mB
+ VB(r)
]
ΨB(r)
+ UAB
∫
drΨ†A(r)Ψ
†
B(r)ΨB(r)ΨA(r). (1)
By tuning the interspecies attraction UAB < 0 with an
s-wave Feshbach resonance, the impurity atom and a
spinless fermion can form a bound dimer that occupies a
threefold-degenerate p orbital of the confinement poten-
tial [22]. It is important to note that the impurity atom
cannot bind two spinless fermions simultaneously because
of the Pauli exclusion principle. Many-body scatterings
of this dimer and surrounding spinless fermions occur
with exchanging their angular momenta and thus exhibit
the SU(3) orbital Kondo effect. In what follows, we give
a detailed account of how the Kondo effect emerges in
our simple system and elucidate its fundamental proper-
ties such as a universal leading exponent of the Kondo
temperature, a Kondo singlet formation at zero temper-
ature, an anisotropic interdimer interaction mediated by
surrounding spinless fermions, and possible experimental
signatures. Below we denote a kinetic energy of spinless
2fermions by ǫk = h¯
2
k2/(2mA) and set h¯ = 1.
Few-body scattering and effective theories
Before working on the many-body Kondo effect, we
first need to elucidate the few-body scattering proper-
ties of our system (1). A two-body scattering of an A
atom with a confined B atom was studied in Ref. [22].
There it was found that by tuning the interspecies at-
traction with an s-wave Feshbach resonance, a p-wave
scattering resonance can be induced. An intuitive pic-
ture for this seemingly counterintuitive result is actually
simple [22–24]: A Feshbach molecule formed by the A
and B atoms is subject to the confinement potential and
thus its center-of-mass energy is quantized. By decreas-
ing its internal energy with the interspecies attraction,
the total energy of the AB molecule in the p orbital in-
tersects the scattering threshold of the A and B atoms.
At this point, the p-wave scattering resonance is induced
and low-energy physics in its vicinity is described by a
two-channel Hamiltonian:
H2ch =
∫
dk
(2π)3
ǫk ψ
†
A(k)ψA(k) + ǫAB
∑
µ
φ†µφµ
+ g
∑
µ
∫ Λ dk
(2π)3
kµ
[
ψ†A(k)ψ
†
Bφµ + φ
†
µψBψA(k)
]
.
(2)
Here ψ†B is a creation operator of the impurity B atom in
the ground state of the isotropic potential whose energy
is chosen to be zero, while φ†µ is that of the AB molecule
in one of the threefold-degenerate p orbitals labeled by
µ = x, y, z. Because of the angular momentum conserva-
tion, this AB molecule can couple with the impurity B
atom and an A atom only with the same orbital quantum
number µ, which is created by ψ†Aµ(k) ≡
∫
dΩ kˆµψ
†
A(k).
The particle number operators of the localized B atom
and AB molecule are constrained by
NB = ψ
†
BψB +
∑
µ
φ†µφµ = 1 (3)
because only one B atom is confined. Therefore,
the above two-channel Hamiltonian corresponds to the
infinite-U Anderson impurity model in the slave-particle
representation [25, 26]. We also note that the same
Hamiltonian (2) can be realized with an interspecies p-
wave Feshbach resonance, which is referred to as a p-wave
Fano-Anderson model in Ref. [27].
The low-energy effective description (2) is valid well be-
low a ultraviolet cutoff Λ ∼ √mBωho, which is a momen-
tum scale set by an inverse characteristic extent of the
confined B atom. The remaining two couplings ǫAB and
g can be related to physical parameters to characterize
= +
FIG. 1. Atom-dimer scattering T matrix in the vacuum rep-
resented by the blob. Solid, dotted, and double lines corre-
spond to Green’s functions of the A atom, B atom, and AB
molecule, respectively.
a low-energy p-wave scattering, namely, a scattering vol-
ume ap and an effective momentum rp. By matching the
two-body scattering amplitude computed from Eq. (2)
with the standard formula, we find− ǫABg2 +mAΛ
3
9π2 =
mA
6π
1
ap
and 12mAg2 +
mAΛ
3π2 = −mA6π rp2 > 0, respectively. Informa-
tion on VB(r) and UAB in the original Hamiltonian (1) is
now encoded into ap and rp, which have been determined
as functions of an s-wave scattering length in the case of
a harmonic potential VB(r) = mBω
2
hor
2/2 [22]. (It is
worthwhile to note that, unlike an s-wave scattering res-
onance, the cutoff Λ cannot be sent to infinite with ap
and rp fixed because |rp| > 4Λ/π.) By using ap and rp,
the renormalized Green’s function of the AB molecule at
energy E is expressed as g2〈Tφνφ†µ〉 = iδµνD(E), where
D(E) = 6π
mA
1
1
ap
− |rp|2 κ2 + 2πκ3 arctan
(
Λ
κ
) (4)
with κ ≡ √−2mAE − i0+. When the effective p-wave
scattering volume ap is positive, Eq. (4) develops a pole at
E = E < 0 with a corresponding residue Z. This means
the existence of threefold-degenerate bound dimer states
that carry an orbital angular momentum ℓ = 1. Because
of the constraint (3), only one of them can be occupied
at one time.
We then study a scattering of this bound dimer with
another A atom which is now a three-body problem. The
corresponding scattering T matrix at energy E solves an
integral equation depicted in Fig. 1:
Tµν(P ;Q) = − qµpνZ
E − p0 − q0 + i0+
−
∑
λ
∫ Λ dk
(2π)3
Tµλ(P ;K) qλkνD(E − k0)
E − k0 − q0 + i0+
∣∣∣∣
k0=ǫk
.
(5)
Here P = (p0,p) [Q = (q0, q)] is a set of energy and mo-
mentum of the incoming (outgoing) A atom and µ (ν)
labels a p orbital that is initially (finally) occupied by
the bound dimer. The atom-dimer scattering T matrix
at their scattering threshold is obtained from Tµν(P ;Q)
by setting p0 = q0 = 0 and E = E . The resulting quan-
tity tµν(p; q) ≡ Tµν(0,p; 0, q)|E=E is in general cutoff
dependent and thus not universal, but we find that it be-
comes universal in the vicinity of the p-wave scattering
3resonance:
lim
ap→+∞
tµν(p; q) =
6πap
mA
qµpν (6)
with g <∞ and Λ fixed. Technically, this is because the
source term in Eq. (5) dominates over the integral term,
which means that the Born approximation turns out to
be exact for this particular quantity sufficiently close
to the resonance. A similar universality was found in
the corresponding atom-dimer scattering problem with-
out the confinement potential [28]. We also confirmed by
numerically solving the integral equation (5) that three-
body bound states do not exist in the same limit as in
Eq. (6); i.e., the impurity atom cannot bind two spinless
fermions simultaneously.
We finally arrive at a stage to write down an effective
Hamiltonian that describes the above low-energy scatter-
ing of an A atom with a bound dimer in the vicinity of
the p-wave scattering resonance apΛ
3 ≫ 1:
Had =
∫
dk
(2π)3
ǫk ψ
†
A(k)ψA(k)
+
∑
µ,ν
∫ Λ′ dp dq
(2π)6
ψ†A(q)ψA(p)
[
v qµpν + v
′δµνq · p
]
φ†νφµ.
(7)
Here the two couplings v =
6πap
mA
/
[
1 − ( 2apΛ′33π )2] and
v′ =
2apΛ
′3
3π v are determined so that the zero-energy
atom-dimer scattering T matrix tµν(p; q) obtained in
Eq. (6) is correctly reproduced from Eq. (7). This low-
energy effective description is valid well below the new
ultraviolet cutoff Λ′ ∼ 1/√ap|rp|, which is now a mo-
mentum scale set by an inverse characteristic extent of
the bound dimer. The atom-dimer Hamiltonian (7) re-
duced from Eq. (2) corresponds to the Kondo or Coqblin-
Schrieffer model reduced from the Anderson impurity
model [29, 30] and thus serves as a basis for the many-
body Kondo effect.
Many-body physics and the Kondo effect
We are now prepared to work on the Kondo effect.
We apply the atom-dimer Hamiltonian (7) to a many-
body system of spinless fermions with a Fermi energy
EF ≡ k2F/2mA ≡ kBTF at a temperature T and study
their scatterings with the localized dimer. We consider
that the incoming (outgoing) fermion has a momentum
p = kFpˆ (q = kFqˆ) and the localized dimer initially
(finally) occupies a p orbital labeled by µ (ν) and com-
pute the corresponding scattering T matrix tµν(p; q) in a
perturbative expansion over apk
3
F, apk
2
FΛ
′ ≪ 1 assuming
a dilute system. The leading O(ap) term is simply the
one obtained in Eq. (6) and thus does not involve the
many-body effect. There are two distinct contributions
+
FIG. 2. Subleading contributions to the atom-dimer scat-
tering T matrix in the presence of a Fermi sea of spinless
fermions. See Fig. 1 for the meanings of the symbols.
at subleading O(a2p) depending on whether the interme-
diate scattering state is a particle or a hole, which is
depicted by the left or right diagram in Fig. 2, respec-
tively. By summing all contributions up to O(a2p), the
zero-energy atom-dimer scattering T matrix in the low-
temperature limit T ≪ TF is found to be
Re tµν(p; q) =
(
qµpν − δµν
3
q · p
)
v(T )
+
δµν
3
q · p
(
v0 − v20
mAk
2
F
π2
Λ′
)
+O(a3p), (8)
where v0 = 6πap/mA > 0 is the atom-dimer coupling in
the vacuum [see Eq. (6)].
The first (second) term in Eq. (8) corresponds to a
scattering process in which orbital quantum numbers are
(not) exchanged between the spinless fermion and the
localized dimer. While the second term is temperature
independent, the first term depends on the temperature
through
v(T ) = v0 + v
2
0
mAk
3
F
2π2
[
ln
(
TF
T
)
+ const
]
+O(a3p). (9)
This effective atom-dimer coupling exhibits the logarith-
mic growth by lowering the temperature which is the
hallmark of the Kondo effect [3]. In particular, this is
an SU(3) orbital Kondo effect because our low-energy
effective Hamiltonian (2) or (7) is invariant under an
SU(3) rotation of p-orbital indices of φµ and ψAµ(k).
Furthermore, the leading logarithmic singularities can be
summed up to all orders with the aid of the renormal-
ization group equation: dv(T )d ln(TF/T ) =
mAk
3
F
2π2 v
2(T ), which
is solved by v(T ) ≃ v0/
[
1− v0mAk
3
F
2π2 ln
(
TF
T
)]
. This renor-
malized effective coupling diverges at a Kondo tempera-
ture given by
TK ∝ TF exp
(
− π
3apk3F
)
. (10)
This expression is valid in the vicinity of the p-wave scat-
tering resonance apΛ
3 ≫ 1 for a sufficiently dilute sys-
tem apk
3
F, ap|rp|k2F ≪ 1. Remarkably, we find that the
Kondo temperature has a universal leading exponent that
depends on details of the original Hamiltonian (1) only
through the effective p-wave scattering volume ap and
the Fermi wave vector kF.
4The rate at which spinless fermions on the Fermi sur-
face are scattered by localized dimers with a density nd
is obtained from the standard formula as
1
τad
=
nd
3
∑
µ,ν
∫
dq
(2π)3
2π δ(ǫp − ǫq) |tµν(p; q)|2
=
8mAndk
5
F
27π
v2(T ) + const, (11)
which grows logarithmically according to Eq. (9). An
atom-dimer scattering in ultracold atom experiments
typically leads to a loss of atoms because the dimer can
decay into a deeper bound state [31, 32] or a lower s or-
bital of the confinement potential in our scheme. There-
fore, the logarithmic growth of the atom-dimer scattering
rate (11) caused by the Kondo effect may be observed
as an increasing atom loss by lowering the temperature,
which is a direct analog of the celebrated increasing elec-
trical resistivity in dilute magnetic alloys [33].
The divergence of the effective atom-dimer coupling
(9) means the breakdown of the perturbation theory be-
low the Kondo temperature T <∼ TK. Here the local-
ized dimer interacts so strongly with surrounding spin-
less fermions that its angular momentum is effectively
screened by the so-called Kondo screening cloud. Accord-
ingly, the ground state becomes a singlet state instead
of a naively expected triplet state. This nonperturba-
tive physics can be captured by the following variational
wave functions corresponding to the nondegenerate sin-
glet state:
|s〉 =
[
αψ†B +
∑
µ
∫ kF dp
(2π)3
βµ(p)φ
†
µψA(p)
+
∫ kF dp
(2π)3
∫
kF
dq
(2π)3
γ(p, q)ψ†Bψ
†
A(q)ψA(p)
]
|FS〉
(12)
and the threefold-degenerate triplet state (µ = x, y, z):
|t〉µ =
[
α¯ φ†µ +
∫
kF
dq
(2π)3
β¯µ(q)ψ
†
Bψ
†
A(q)
]
|FS〉, (13)
where |FS〉 represents the Fermi sea of A atoms. The
singlet state consists of a localized B atom dressed by a
particle-hole excitation of A atoms which hybridizes with
an AB molecule by absorbing an A atom from the Fermi
sea. On the other hand, the triplet state consists of a
localized AB molecule which hybridizes with a B atom
by emitting an A atom to the Fermi sea. These two states
have the same particle number NB = 1 in compliance
with the constraint (3) but have different orbital angular
momenta, ℓ = 0 and 1, respectively.
By minimizing the expectation values of the two-
channel Hamiltonian (2) with respect to the variational
parameters in Eqs. (12) and (13), we find that the ener-
gies of the singlet state Es and the triplet state Et apart
from the energy of the Fermi sea solve G−1(Es) = 0 and
D−1(Et + EF) = 0, respectively, where
D−1(E) = D−1(E) + 1
3
∫
dq
(2π)3
q2θ(kF − q)
E − ǫq (14)
is the inverse Green’s function of the AB molecule and
G−1(E) = E −
∫
dp
(2π)3
p2θ(kF − p)D(E + ǫp) (15)
is that of the B atom in the presence of the Fermi
sea of A atoms. In the resonance and dilute limits
apk
3
F, ap|rp|k2F ≪ 1≪ apΛ3 considered above [see below
Eq. (10)], the energy of the triplet state approaches that
of the bound dimer Et = −EF− 1mAap|rp| . Although this
triplet state is already deeply bound with respect to the
Fermi energy, the singlet state has an even lower energy
given by
Es = Et − EF exp
(
− π
3apk3F
− π|rp|
6kF
− 8− 6 ln 2
3
)
≃ Et − kBTK, (16)
where the same universal leading exponent as the Kondo
temperature (10) appears in the binding energy. We also
confirmed numerically within the variational wave func-
tions (12) and (13) that the ground state is always sin-
glet and thus the transition to the triplet state does not
take place as a consequence of the Kondo effect. Such
a smooth crossover at zero temperature is in contrast to
the polaron-molecule transition in the corresponding im-
purity problem without the confinement potential which
was found both for s-wave and p-wave Feshbach reso-
nances [34, 35]. We finally note that the spectral den-
sity function of the impurity B atom is obtained from
ρB(ω) = − 1π ImG(ω + i0+), which exhibits a δ-function
peak at ω = Es and a continuum above ω = Et. This
quantity can be measured in ultracold atom experiments
with the radio-frequency spectroscopy [36–38], and, ac-
cordingly, the binding energy of the Kondo singlet (16)
as well.
Concluding remarks
In this Letter, we proposed and elaborated a simple
but novel scheme to realize the SU(3) orbital Kondo ef-
fect with ultracold atoms. In addition to its simplicity,
the advantage of our system (1) also lies in its versa-
tility. For example, by deforming the isotropic confine-
ment potential VB(r), the p-orbital degeneracy can be
reduced from threefold to twofold, which now leads to
an SU(2) orbital Kondo effect. Moreover, by further in-
creasing the interspecies attraction UAB, an ℓ th partial-
wave scattering resonance can be induced [22], where an
SU(2ℓ + 1) orbital Kondo effect will emerge in the same
5FIG. 3. Leading interdimer interaction mediated by a sur-
rounding Fermi sea of spinless fermions. See Fig. 1 for the
meanings of the symbols.
system (1). The Kondo effect thus realized in our scheme
causes a logarithmic growth of the atom-dimer scatter-
ing rate, which may be observed in ultracold atom ex-
periments as an increasing atom loss by lowering the
temperature. This hallmark is a direct analog of the
celebrated increasing electrical resistivity in dilute mag-
netic alloys [3, 33]. Moreover, the spectral density func-
tion of the Kondo singlet and its binding energy can be
measured in our scheme with the radio-frequency spec-
troscopy, which will be useful to develop further insights
into the Kondo physics.
Our scheme can be easily extended to a dense Kondo
lattice where localized impurities are placed periodically
and a competition between the Kondo effect and the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction is
expected to lead to a rich phase diagram with a quan-
tum critical point [2, 39]. In particular, the RKKY in-
teraction in our system is unusual because orbital indices
of localized impurities are correlated with a direction in
which they are separated [30]. This feature can be seen
by considering two bound dimers localized at r and r′
with a separation r − r′ = Rzˆ chosen in the z direction.
Here surrounding spinless fermions mediate an effective
interaction between the two localized dimers, which can
be computed from the atom-dimer Hamiltonian (7) in
a perturbative expansion over apk
3
F ≪ 1. The leading
O(a2p) term is depicted in Fig. 3, which at a large separa-
tion kFR ≫ 1 is found to be universal, i.e., independent
of the cutoff Λ′, and given by
HRKKY =
9a2pk
5
F cos(2kFR)
2πmAR3
φ†z(r)φz(r)φ
†
z(r
′)φz(r
′)
+O(R−4) + O(a3p), (17)
where p-orbital indices of the localized dimers are locked
to the direction of their separation. Because of the ge-
ometrical frustration, such a strongly anisotropic inter-
dimer interaction may lead to an interesting many-body
physics of the dense Kondo lattice realized in our scheme,
which is to be studied in the future.
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